Objective: To examine the dynamics of bone turnover in children with growth hormone deficiency (GHD) during long-term treatment. Design: We longitudinally measured growth velocity and serum concentrations of osteocalcin (OC), carboxyterminal propeptide of type I procollagen (PICP), and cross-linked carboxyterminal telopeptide of type I collagen (ICTP) in 24 patients with GHD during long-term GH treatment until final height (age: 7.7 Ϯ 0.7 and 16.9 Ϯ 0.5 years at baseline and at final height respectively). Results: At baseline, OC, PICP, and ICTP levels were significantly (P < 0.0001) reduced in comparison with prepubertal bone age-matched controls (10.2 Ϯ 2.3 mg/l and 22.5 Ϯ 7.6 mg/l; 187.8 Ϯ 26.2 mg/l and 328.4 Ϯ 74.3 mg/l; 7.7 Ϯ 2.0 mg/l and 14.2 Ϯ 1.3 mg/l respectively). During the first year of treatment mean levels of the bone markers increased significantly (P < 0.0001) with a peak at 12 months. After the first year of treatment, OC and PICP levels progressively declined, whereas ICTP levels remained stable until the final height; in any case, bone marker levels remained significantly higher (P < 0.03-P < 0.0001) than baseline. The change in bone marker levels at 6 and 12 months of treatment with respect to the baseline values was not related to growth rate during long-term treatment or final height.
Introduction
It has been proposed that biochemical markers of bone turnover provide information about the dynamics of bone turnover and growth-related changes (1, 2) . Osteocalcin (OC), a major non-collagenous protein of the bone matrix specifically secreted by osteoblasts, is considered a valid marker to examine bone formation and seems to be involved in the regulation of matrix mineralization (1, 3) . Type I collagen, the most abundant body collagen, is a major product of osteoblasts, accounting for more than 90% of the organic bone matrix (2, 3) . Type I collagen is also the major extracellular matrix protein of soft tissue, where it always occurs together with other collagens. Type I collagen is derived from specific precursor molecules called procollagen which is synthesized intracellularly. During synthesis, large and soluble propeptide domains are released into the circulation from the precursor molecules in a stoichiometric ratio of 1:1 (4) . Serum carboxyterminal propeptide of type I procollagen (PICP) levels are generally related to the rate of bone formation (4, 5) . Cross-linked carboxyterminal telopeptide of type I collagen (ICTP) is liberated into the serum during the degradation of mature cross-linking in type I collagen, but it is not degraded further in the bloodstream. The production rate of ICTP reflects the rate of type I collagen breakdown during bone resorption (6, 7) . During childhood, serum levels of OC, PICP, and ICTP are much higher than in adulthood, reflecting the somatic growth rate (1, 2, (8) (9) (10) (11) (12) .
Some studies have shown that in children with growth hormone deficiency (GHD) the rise in serum concentrations of OC, PICP, or ICTP during the first weeks or months of growth hormone (GH) treatment may predict growth rate at 6 or 12 months of therapy (10, (13) (14) (15) (16) (17) (18) . However, the potential value of these bone markers in predicting growth rate after the first year of treatment or final height is unknown.
In this study, we investigated the dynamics of bone turnover, by measuring serum concentrations of OC, PICP, and ICTP, in children with GHD longitudinally during long-term GH treatment until the attainment of final height. Furthermore, we assessed whether the change in serum concentrations of OC, PICP, and ICTP during the first year of GH treatment was related to growth rate during long-term treatment or final height.
Subjects and methods

Patients
Twenty-four Caucasian adolescents (14 males and 10 females) aged 16.0-18.0 years with isolated GHD were recruited from our Endocrine Unit at the Department of Pediatrics of our university. At the start of treatment, all patients were prepubertal (chronological age 7.7 Ϯ 0.7 years, bone age 5.5 Ϯ 0.8 years) and fulfilled the clinical and diagnostic criteria for GHD: GH peaks less than 10 mg/l after two provocative pharmacologic stimuli (levodopa and insulin tolerance test) and reduced spontaneous GH secretion for 24 h (mean GH concentrations <3 mg/l) (19) . All patients had received recombinant human GH treatment (0.6 IU/kg week during prepuberty and 0.9 IU/kg week during puberty, s.c. at bedtime six times a week, until the final height). The duration of the treatment ranged from 8.1 to 10.4 years with a mean of 9.2 Ϯ 0.7 years. At the time of the study, all patients had attained their final height. Clinical data of the patients are reported in Table 1 . No side-effects of the treatment were observed. Compliance with the treatment was good in all patients. All patients had normal weight and length at birth, had normal renal and liver function, and did not take drugs known to affect bone or mineral metabolism. There was no history of any other chronic illness or bone disease. Karyotype, examined in all girls, was 46,XX. Seven patients (four boys and three girls) had taken part in a previous study investigating the effect of GH treatment on biochemical markers of bone turnover and bone mineral density for a period of 1 year (16).
Controls
Seventy-eight Caucasian prepubertal children (37 males and 41 females) aged 3. 
Study design
In all patients, growth velocity, as well as serum concentrations of OC, PICP, and ICTP after an overnight fast were measured at baseline, between 0800 and 0900 h, at 6 and 12 months of treatment, and subsequently every year until the attainment of final height. At baseline and at final height, serum levels of the bone markers of patients were compared with those of prepubertal and adolescent bone age-matched controls respectively. In patients, the relationships between the changes (D) in serum concentrations of OC, PICP, and ICTP at 6 and 12 months of treatment with respect to their baseline values and growth rate during treatment or final height were assessed. The relationship among serum levels of OC, PICP, and ICTP at baseline and during treatment, and the relationship between baseline serum levels of the bone markers and growth rate during treatment or final height were also calculated.
Ten patients (six males and four females) and 15 controls (eight males and seven females) also participated in a short-term day-to-day variability study. In patients and controls, serum levels of OC, PICP, and ICTP were measured (between 0800 and 0900 h) after an overnight fast on 4 consecutive days. In patients, serum samples for measurement of the bone markers were obtained at various time-points during the study. The percent of variation of each bone marker was compared among patients, and between patients and controls.
Informed consent to perform the study was obtained from the parents of each child. The study was approved by the ethics committee for human investigation of our departments.
Assessment of anthropometric findings
Standing height was measured with a wall-mounted stadiometer by one of us. To allow a comparison between different ages and genders, growth velocity and height are expressed as Z score with respect to growth velocity S.D. and height S.D. respectively, according to the method of Tanner et al. (20) by using the formula: measured individual value¹mean normal value for age and gender/S.D. of normal mean. Bone age was evaluated by using the Greulich & Pyle method (21) . The onset of puberty was assumed according to Tanner & Whitehouse (22) when breast stage B2 was reached in girls or testicular volume reached 4 ml in boys. Height was considered as final adult stature when height velocity during the last year was less than 2 cm and wrist epiphyses had fused (23) .
Assessment of biochemical markers
In both patients and controls, serum samples were separated within 2 h of sampling and stored at ¹70 ЊC until assayed. Serum OC levels were measured by a twosite immunoradiometric assay (Human OC; Nichols Institute, San Juan Capistrano, CA, USA) that recognized both intact OC and its large N-terminal midfragment. Serum PICP and ICTP levels were detected by radioimmunoassay (Orion Diagnostics, Espoo, Finland). The method to assess ICTP used polyclonal antibodies developed in rabbits and was based on a complex peptide that contained material from three polypeptide chains, two of them being derived from the carboxyterminal telopeptide of one type I collagen molecule and the third from the triple helical region of another molecule, plus a trivalent cross-link (24) . ICTP derives only from collagen degradation and is specific for type I collagen (24) . For all measurements, interassay variability was less than 9% and intra-assay variability was less than 7%. All blood samples were measured in duplicate.
Statistical analysis
The results are expressed as means Ϯ S.D. Comparison of the data between patients and controls was assessed by Student's t-test for unpaired samples. In patients, the paired t-test was employed to compare the longitudinal data during treatment. Simple and multiple regression analyses were carried out among the biochemical markers of bone turnover, and between the biochemical markers of bone turnover and growth velocity at baseline and during treatment, or final height. Multiple regression analysis, with final height Z score as dependent variable and growth velocity Z score at 6 and 12 months of treatment, age at onset of puberty, and duration of therapy as independent variables, was also calculated. All statistical analyses were carried out using the SPSS (Statistical Package of Social Sciences, Chicago, IL, USA) for Windows software program version 6.1. P < 0.05 was considered significant.
Results
Longitudinal variation of growth velocity during GH treatment and final height
During the first year of treatment, mean growth velocity improved significantly (baseline: 2.6 Ϯ 0.6 cm/year or ¹3.5 Ϯ 0.8 Z score; 6 months: 9.1 Ϯ 1.1 cm/year or 4.4 Ϯ 1.4 Z score, P < 0.0001 with respect to baseline; 12 months: 8.0 Ϯ 1.3 cm/year or 3.2 Ϯ 1.7 Z score, P < 0.0001 with respect to baseline). After the first year of treatment, mean growth velocity significantly declined in comparison with the mean value at 6 months of therapy, but it remained significantly higher than baseline values (Fig. 1) . Mean height increased during treatment (data not shown); final height ranged from ¹1.5 to ¹0.8 Z score (Table 1) .
All patients had spontaneous pubertal development during treatment; chronological age and bone age at the onset of puberty were 13.5 Ϯ 0.9 years and 12.3 Ϯ 0.7 years in boys, and 12.8 Ϯ 1.0 years and 11.3 Ϯ 1.0 years in girls respectively. Duration of the pubertal growth spurt was 3.8 years and 3.6 years in boys and girls respectively. Growth rate significantly declined during puberty (stage I: 2.3 Ϯ 1.5 Z score; stage II: 1.0 Ϯ 1.5 Z score, P < 0.01 with respect to stage I; stage III: ¹0.1 Ϯ 1.2 Z score, P < 0.0001 and P < 0.01 with respect to stage I and stage II respectively; stage IV: ¹0.6 Ϯ 1.0 Z score, P < 0.0001 and P ¼ not significant 
Longitudinal variation of bone markers during GH treatment
At baseline, mean OC, PICP, and ICTP levels were significantly reduced in patients in comparison with prepubertal controls (Table 2) .
The longitudinal variation of bone markers during GH treatment until the attainment of final height is reported in Fig. 2 After the first year of treatment, mean OC and PICP levels progressively declined, whereas mean ICTP levels remained stable up to final height. In any case, during treatment, mean OC, PICP, and ICTP levels remained significantly higher than the baseline values. At final height, mean OC, PICP, and ICTP levels were significantly higher than baseline values; however, mean OC and PICP levels of patients were significantly lower than those of adolescent controls, whereas mean ICTP levels were not (Table 2) .
Bone marker levels did not change (P ¼ NS) during the pubertal stages (data not shown).
Day-to-day mean percent of variation of the bone markers did not differ (P ¼ NS) between patients and controls (OC: 15.2% and 15.8%; PICP: 16.5% and 17.0%; ICTP: 14.3% and 14.1% respectively). A similar day-to-day mean per cent of variation of the bone markers was also observed among patients (data not shown).
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www.eje.org Baseline serum levels of OC, PICP, and ICTP were not related among them (r ¼ 0.03-0.11, P ¼ NS) or to their changes during treatment (r ¼ 0.05-0.14, P ¼ NS). OC and PICP concentrations correlated positively at 6 and 12 months (r ¼ 0.36, P < 0.05 and r ¼ 0.35, P < 0.05 respectively). There were no significant correlations between the bone formative markers OC and PICP and the bone resorptive marker ICTP during the treatment (r ¼ 0.09-0.19, P ¼ NS).
None of the independent variables of final height Z score reached significance (growth velocity Z score at 6 or 12 months of treatment: r ¼ 0.30 and r ¼ 0.28, P ¼ NS respectively; age at pubertal onset: r ¼ 0.17, P ¼ NS; duration of therapy: r ¼ 0.03, P ¼ NS).
Discussion
Our results demonstrate that children with GHD have reduced bone turnover and that GH treatment, in addition to promoting linear growth, stimulates osteoblasts and activates bone modeling and remodeling. We also show that the increment in OC, PICP, and ICTP during the first year of treatment does not predict growth rate during long-term GH treatment or final height.
At baseline, mean OC, PICP, and ICTP levels were significantly decreased in comparison with prepubertal controls as previously reported by us (16) and others (10, 13, 14, 25, 26) , indicating that bone turnover is reduced in children with GHD. The decreased PICP and OC levels probably reflected a reduced preosteoblastic collagen production and mineralization of bone matrix respectively; whereas the decreased ICTP levels expressed a reduced degradation of bone matrix (27) . Reduced bone turnover is probably a main cause of decreasing bone mineral density in children with GHD (16, 28, 29) . In any case, the diminished somatic growth likely contributed to reducing the levels of the bone markers. In this context, we have demonstrated that 24-h PICP but not 24-h OC concentrations were growth velocity-dependent and GH-dependent in children with GHD (30) .
During the first year of treatment, mean levels of the bone markers significantly increased with a peak at 12 months, probably reflecting the number and the activity of the recruited osteoblasts (OC and PICP) and an increased action of osteoclasts on bone matrix or change in the activation frequency of new remodeling units (ICTP) (31) . Histomorphometric analyses in men with GHD of childhood onset showed that GH doubled the activation frequency (i.e. the number of remodeling units that starts in a given time-period) and slightly reduced the remodeling period, while the length of the formation period relatively increased (32) . After the first year of treatment, mean OC and PICP levels progressively declined whereas mean ICTP levels remained stable until the final height. In any case, mean bone marker levels remained significantly higher than baseline. Boot et al. (33) showed a peak of OC and PICP at 6 months and a peak of ICTP at 1 year of GH treatment in children with GHD. After 2 years of treatment, according to our results, serum PICP levels significantly declined and serum ICTP levels did not change with respect to baseline values but, in contrast to our data, serum OC levels remained stable (33) . Our results suggest that long-term GH treatment is associated with increased bone turnover mainly during the first year of therapy. The stimulation of bone turnover induced by GH treatment could be a main cause of the acquisition of bone mineral density in children with GHD (33, 34) .
The dynamics of the bone markers could suggest the occurrence of a progressive prevalence of bone resorption with respect to bone formation during GH treatment, and some consideration should be given to this. It has been estimated that as much as 70% of the OC produced is primarily secreted into the blood and the rest incorporated into the bone matrix (4). Because there is no evidence that this ratio would remain constant when bone growth and bone mineral density are markedly accelerated, a greater fraction of OC may be incorporated into the bone matrix for bone formation and mineralization. PICP reflects the production of type I collagen that occurs during proliferation of osteoblast precursors cells and its synthesis is down-regulated when bone matrix mineralization is attained (27) . Thus, the decline in OC and PICP levels that we showed after the first year of treatment could reflect a recovery of bone mineral density, as shown in children with GHD during GH therapy (33, 34) . However, it must be considered that PICP in serum is secreted not only from bone but also from fibroblasts (3, 4) . On the other hand, one must be cautious when interpreting serum ICTP levels as a marker of bone resorption, because ICTP may also derive from extraosseus sources of type I collagen that may contribute to increasing its circulating levels (35) . At any rate, bone markers provide only a qualitative assessment of bone formation or resorption, and their serum levels cannot be completely translated into rates of bone formation or resorption (36) . Thus, it may be unjustified to compare the degree of variation of bone formation markers with bone resorption markers because they are different markers, probably reflecting different aspects of growth. Indeed, a small change in one marker may be more important than a large change in another marker. Measurement of more specific and sensitive biochemical markers of bone turnover, such as serum bone alkaline phosphatase isoenzyme or urinary excretion of collagen cross-links, could provide more accurate information on bone turnover during GH treatment. Finally, during GH treatment bone markers reflect a combination of growth, modeling, and remodeling of bone tissue (1, 2) .
Circadian and day-to-day variations in bone marker levels may be additional confounding factors in evaluating the dynamics of bone turnover (1, 2) . Indeed, OC, PICP, and ICTP levels follow a similar circadian rhythm with peak values occurring in early morning and nadirs in the afternoon (1, 30, 37) . Circadian variation in bone markers appears to be unaffected by age and sex (38) , as well as by growth and ageing (39) . Furthermore, in children with GHD, we previously demonstrated that both nocturnal and diurnal 12-h mean data for OC and PICP were significantly lower than controls, but the pattern of their circadian rhythms was maintained (30) . In any case, in the present study, serum samples for the measurement of the bone markers were drawn under standardized conditions in both patients and controls. Although bone markers showed a day-to-day variation, their mean per cent variation did not differ among patients during the study, as well as between patients and controls. These data suggest that in our patients the dynamics of bone markers during the study was probably poorly influenced by circadian and day-today variations.
Compared with healthy children (8) (9) (10) (11) (40) (41) (42) , pubertal development did not influence the pattern of OC, PICP, and ICTP levels in our patients. However, in healthy children no variation in PICP levels was also shown during puberty (11, 14) . The decline in growth rate during the pubertal stages could explain the lack of increase in bone marker levels during puberty. The shorter duration of pubertal growth in our patients than in normal adolescents (5.2 years and 4.8 years in boys and girls respectively) (43) may be an additional factor influencing the dynamics of these bone markers during puberty.
Some studies have shown that, in children with GHD, the absolute values or the changes in OC (13, 15, 18) , PICP (10, 14, 16, 17) , or ICTP (18) levels during the first weeks or months of GH treatment predicted growth velocity during the first year of therapy, indicating that bone formation (OC and PICP) or bone resorption (ICTP) was closely related to the effect of GH in stimulating growth rate. In our patients, the lack of prediction of growth rate during long-term treatment or of final height by the changes in bone markers at 6 and 12 months of therapy suggests that other factors influence longitudinal body growth independently of the effect of GH on bone turnover. Moreover, it must be considered that OC, PICP, and ICTP are not specific markers of longitudinal growth which is primarily a function of the growth plate cartilage activity (2) (42).
In conclusion, our study demonstrates that GH status markedly influences bone turnover in children with GHD. Before treatment, OC, PICP, and ICTP levels were reduced, suggesting that GHD affects bone turnover.
The increment in the bone marker levels during GH therapy indicates that bone turnover is stimulated by the treatment. Furthermore, the changes in OC, PICP, and ICTP levels at 6 and 12 months of treatment do not predict growth rate during long-term GH treatment or final height. At any rate, because many factors may influence final height in children with GHD, further studies are needed to verify the potential value of the biochemical markers of bone turnover for predicting final height in children with GHD.
